The 2C by 2C S-wave survey generated significant excitement in the mid-1980s, but then it fell out of favor when S-wave splitting initially attributed to fractures was also found to be associated with an anisotropic stress regime. In general, 2C by 2C data require more expensive acquisition and more processing effort to obtain images comparable to 1C "compressional wave" data acquired with vertical component sources and receivers. Because S-waves are insensitive to fluids, and hence the water table, the effective S-wave weathering zone is greater than that for compressional waves, making statics more difficult. S-wave splitting due to anisotropy complicates residual statics and velocity analysis as well as the final image. S-wave frequencies and S-wave moveout are closer to those of contaminating ground roll than compressional waves. Since Alford's introduction of S-wave rotation from survey coordinates to the principal axes in 1986, geoscientist and engineers retain their interest in fractures but are also keenly interested in the direction and magnitude of maximum horizontal stress. Simultaneous sweep and improved recording technology have reduced the acquisition cost to approximate that of 1C data. Alford's work was applied to 2C by 2C poststack data. We extended the Alford rotation to prestack data using a modern high-fold 2C by 2C survey acquired over a fractured carbonate reservoir in the Diamond M Field, Texas. Through careful processing, the resulting images were comparable and in many places superior to that of the contemporaneously acquired 1C data. More importantly, we found a good correlation between our derived fracture azimuth map and the fracture azimuth log data from wells present in the field.
Introduction
Multicomponent seismic data are a powerful tool for reservoir characterization. The introduction of highbandwidth 3C accelerometers based on either piezoelectric or microelectromechanical systems technology transducers has not only reduced the cost of "converted-wave" (P to S) recording to approach that of conventional 1C data, but it also provides additional data for P-and S-wave impedance inversion (Guliev and Michelena, 2010) . Converted-wave data are relatively insensitive to fluids in the overburdens (gas clouds) (Knapp et al., 2002) but are also particularly sensitive to fractures (Shekar and Tsvankin, 2011) . However, converted-wave processing is particularly difficult, with the weakest point being the need to estimate a P-and S-wave velocity field, P-and S-wave statics, and preprocessing using the common conversion point approximation (Gaiser et al., 1997) .
In contrast to converted-wave processing, the statics and velocity solutions as well as the imaging condition for 2C by 2C data, where we have two orthogonally polarized horizontal vibrators shaking into two orthogonally polarized receivers, are nearly identical to that of conventional 1C "P-wave" data. Furthermore, recent innovations in slip sweep simultaneous recording, along with multicomponent receivers, have reduced the field time of 2C by 2C data to approach that of 1C data.
The key to 2C by 2C and converted-wave imaging is addressing S-wave splitting. Alford (1986) recognizes the necessity of align multicomponent multisource data into the principal axes of anisotropy to properly image fractured reservoirs and facilitate the interpretation of shear seismic data recorded on an azimuthally anisotropic medium. His method consists of pre-and postmultiplication of the recorded data by the Bond rotation matrix (Auld, 1990) Alford's (1986) observations for seismic data. They find that in the presence of a single set of fractures in the medium, only two shear velocities are observed: fast and slow shear velocities being orthogonal to each other. In the presence of more than one set of fractures, they observe a complicated sequence of arrivals due to multiple splitting in the medium. Simmons and Backus (2001) describe the importance of the radial-transverse rotation of shear data. They demonstrate how the field data are a linear combination of P, SH, and SV energy and summarize the critical differences between SH and SV modes. Simmons and Backus (2001) present a full integrated study on S-wave data radial-transverse rotation. They find that for their data set, radial-transverse rotation is sufficient to correctly orient the S-wave propagation vectors. They also suggest that Alford rotation on prestack data should not be applied because the effect of the geometry is greater than the actual effect of S-wave splitting on their data. They recommend that Alford rotation should be applied to prestack data only at small offsets where the normal incidence assumption can be made. We begin our paper with the formulation for an Alford rotation approach to a 2C by 2C multicomponent data set. Our derivation will automatically calculate the direction of the principal axis of anisotropy and use this calculated direction to align the data in such direction. For simplicity, we will refer to the average principal axis of anisotropy direction as the hypothesized fracture direction. We apply this technique to a high-fold 3D prestack 2C by 2C shear data set from west Texas and show how our method is able to predict an average fracture direction. We conclude with a discussion of assumptions and limitations associated with this methodology.
Automatic Alford rotation using least-squares minimization
Our Alford rotation implementation is based on a least-squares technique for diagonalization and minimization of the left matrix of equation 1. Like Alford, who rolled out hard-copy stacks every 10°on the hallway floor of the Amoco Research Center (K. Marfurt, personal communication, 2013), we use a brute-force approach. We numerically, rather than analytically, solve the min-max problem using a discrete angle search. Specifically, we numerically compute the direction that makes the energy of D 12 and D 21 minimum and D 11 and D 22 maximum simultaneously. We use Taner et al.'s (1979) 
where D ij is the amplitude of the source component i into receiver component j and D H ij is the Hilbert With the increase of traces, we observe a smoother strike calculation but we are also averaging over more complex travel paths. Because the Alford rotation main assumption is that traces are zero offset, we will use (a) as our estimate of fracture strike.
Interpretation / May 2014 SE67 Figure 10 . General stress direction for the state of Texas. The red square indicates the approximate location of the Diamond M Field. The stress field for the area is approximately 60°. Figure 11 . (a) Alford fracture strike map displaying azimuths between 20°and 90°. From the histogram, we interpret that the mean azimuth direction derived from the seismic data is 50°. This is showing a 10°difference from the regional stress map shown in Figure 10 .
(b) The green box shows a magnified section of the map in (a). We also display the fracture strike calculated from the dipole sonic logs on wells I, J, K, and M. The fracture strike calculated from the Alford rotation agrees with those calculated from the logs.
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where χðθÞ is the minimization function. We then search for the global minimum of χðθÞ and use the angle θ associated with the global minimum of function χðθÞ value as an average fracture direction for each trace. Equation 4 is a joint energy minimization of the cross-diagonal terms and energy maximization of the diagonals.
Application of the automated Alford rotation algorithm to the Diamond M 2C × 2C data set The Diamond M data set consists of approximately 25 mi 2 of seismic data with a high signal-to-noise ratio located in Scurry County, Texas (Figure 1) . The target interval is focused on the Cisco and Canyon formations of the Horseshoe Atoll. These carbonates formed during late Pennsylvanian to early Permian time when shallow-water carbonate deposits dominated most of the deposition in the Permian basin. The reservoir is classified as a carbonate buildup and is composed mostly of rich biomicritic rocks with some packstone and grainstone occurrences (Fisher, 2005) . The survey has an azimuth of 3.64°with respect to the north. The data are 302 fold per component with frequencies between 4 and 40 Hz.
For simplicity, we will refer to the inline direction for the source as x and the crossline direction for the same source as y. The same convention will be used for the receiver stations. For example, a trace recorded vibrator "shaking" in the x-direction and on the inline component for the receiver stations will be denoted then as d xx . We will refer to the fracture direction aligned data as D 11 and its orthogonal direction as D 22 (Figure 2) . For comparison purposes, we used a single average velocity field to migrate the field and rotated S-wave components. Figure 12 . Full-waveform dipole sonic slowness-frequency dispersion analysis plots for well M at (a) 6697.5, (b) 6698.5, and (c) 6700.5 ft. (d) Generic template for slowness-frequency dispersion curves interpretation. Dispersion curve analysis is first introduced by Plona et al. (2000) . Dispersion curve analysis is based on the response of the cross-dipole sonic tool to stress, fractures, and formation damage. Interpretation of (a-c) is done by comparing the response of the slowness dispersion curves to (d). The reservoir interval in this well is between 6672 and 6836 ft.
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Field, radial-transverse, and Alfordrotated data comparison
We applied a joint processing sequence for the four components of the data set to avoid any amplitude alterations that would bias the Alford rotation process (Figure 3 ). Key processing steps include surface-consistent deconvolution and surface-consistent amplitude recovery. For the surface-consistent deconvolution and surface-consistent amplitude recovery, we concatenated the traces from each component and computed deconvolution and scaling operators and applied them to the data. Figure 4 shows a representative shot gather before and after the surface-consistent deconvolution and surface-consistent amplitude recovery. We avoid the use of band-pass filters and automatic gain control functions to keep most of the frequency content and true amplitude of the data. Next, we sort the data into CDP gathers and input the four components into our rotation algorithm. To apply Alford rotation to the migrated radial-radial, radial-transverse, transverse-radial, and transverse-transverse components, we migrate all four volumes using a single V ðt; x; yÞ) velocity volume ( Figure 5 ). In this way, we do not favor either of the rotation techniques by having an improved velocity field. Figure 6 shows the field data results.
We compared the results from radial-transverse rotation with the field data. Although the "crosstalk" noise of the D rt and D tr components is less than that in the measured d yx and d xy components, we still observe some signal. (Figure 7) . The signal present at the D rt and D tr components suggests the presence of fractures that do not align with the source-receiver azimuth pairs for most of the traces in each CDP bin.
Next, we rotate the data using the automatic Alfordrotation algorithm. From the algorithm, we obtain the fracture direction for each trace and we calculate an average fracture direction for each CDP bin using a limited range of offsets to avoid noise contamination in our fracture direction estimation. Figure 8 shows the results for the stacked Alford rotated data. Note that the Alford-rotated components D 12 and D 21 are uncorrelated noise, whereas the d yx and d xy components display signal and noise.
Alford fracture azimuth map
We have oriented dipole sonic logs in four well locations in the Diamond M survey (Figure 1 ) that we use to corroborate the average fracture direction estimation from our automatic Alford-rotation algorithm. Our Alford-rotation implementation allows us to select what set of offset ranges to use for the Alford rotation and for the fracture direction estimation. Figure 9 shows the difference between using the near offsets (0-6000 ft), the near and midoffsets (0-13,500 ft), and the full offset range for estimating the average fracture direction from the Alford rotation. The regional maximum stress direction is approximately 60° (Figure 10 ). We assume that fractures parallel to this orientation are going to be open and fractures perpendicular to this direction are going to be closed. To estimate the fracture direction from the shear components, we compute a near-offsetderived Alford fracture azimuth map (Simmons and Backus, 2001) . We found that our fracture direction estimation from seismic data is close to that of the fracture direction measured from the log data (Figure 11) . The strong correlation we find with the azimuth direction derived from the log data suggests that the S-wave direction is a mixture of regional stress and fractures present in the Horseshoe Atoll reservoir (Wielemaker et al., 2005) (Figure 12 ).
Processing considerations after prestack automatic Alford rotation
To improve the quality of the prestack Alford-rotated data, we input the rotated components into velocity analysis and refine the fast (V S1 ) and slow (V S2 ) velocity fields. We then migrate components D 11 and D 22 (Figure 3) using their respective corrected velocity fields. Figure 13 displays the final migrated D 11 and D 22 components using the V S1 and V S2 velocity fields. Using these refined versions of D 11 and D 22 , we estimated the time lag between them at three different levels (Figure 14) . Time differences that are reported as negative imply the amount of shift that D 22 must be shifted upward to match D 11 . Time differences that are reported as positive imply the amount of shift that D 22 must be shifted upward to match D 11 . We find that the amount of time difference for level 1 is approximately −0.6 ms with an average correlation coefficient of 0.45 and an estimated error of 9 ms (Figure 15 ). For level two, we find an average time difference of −3.3 ms with an average correlation of 0.65 and average error of 4 ms ( Figure 16 ). For level three, we find a time difference of −3.6 ms with an average correlation of 0.8 and an average error of 5.3 ms (Figure 17) . These results indicate that the time lags can only be used in a qualitative way. Figure 18 shows a comparison of the time lags obtained from the seismic data to the shear scanner sonic anisotropy study for well I. We selected a 100-ft log section for each level of the time-difference analysis. We observe that the time differences on the log data are between 1 and 5 μs∕ft. This observation supports the results we obtained from the time-lag analysis despite the uncertainty observed.
Conclusions
With the increasing interest of fracture detection and stress direction estimation, land multicomponent data Figure 18 . Comparison between log and seismic time-lag differences for (a) level 1, (b) level 2, and (c) level 3. Although at different scales, we find that both measurements agree in the small amount of time differences between fast and slow shear.
Interpretation / May 2014 SE73 have regained importance. Most recent surveys have been acquired using converted-wave technology, with either dynamite or a vertically polarized vibrator and 3C accelerometers. More traditional S-wave 2C by 2C surveys are much less common, partly because the horizontally polarized vibrators are more than 20 years old and slowly shaking themselves apart. We have introduced a method to implement an automated prestack Alford rotation. One of our main assumptions is that the fracture direction does not change drastically throughout the section. This seems to be a valid assumption from our results in Figure 11 . We proposed a processing sequence pre-and postrotation to better preserve the amplitudes and obtain the best results for this data set. We have shown that although Alford assumes a zero-offset trace, far offsets do not change the fracture azimuth calculation drastically. We used a range from 0°to 20°to avoid noise contamination for the average fracture direction estimation. Our fracture direction interpretation matches the log data for the Canyon and Cisco Formations in the area of study. Finally, we find that the anisotropy-induced time difference is minimal and has a fair amount of uncertainty although it agrees with the time anisotropy seen in the log data.
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